Plants use day-length information to coordinate flowering time with the appropriate season to maximize reproduction. In Arabidopsis, the long-day specific expression of CONSTANS (CO) protein is crucial for flowering induction. Although light signaling regulates CO protein stability, the mechanism by which CO is stabilized in the long-day afternoon has remained elusive. Here we demonstrate that FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) protein stabilizes CO protein in the afternoon in long days. FKF1 interacts with CO through its LOV domain, and blue light enhances this interaction. In addition, FKF1 simultaneously removes CYCLING DOF FACTOR 1 (CDF1) that represses CO and FLOWERING LOCUS T (FT) transcription. Together with CO transcriptional regulation, FKF1 protein controls robust FT mRNA induction through multiple feedforward mechanisms that accurately control flowering timing.
second possibility was that FKF1 regulates CO protein activity. To investigate additional roles of FKF1 protein in photoperiodic flowering, we tested these two possibilities.
To test whether FKF1 regulates FT transcription through CDF1 protein stability regulation, we asked whether CDF1 directly regulates FT transcription. CDF1 mRNA was overexpressed in transgenic SUC2:CO-HA plants in which hemagglutinin (HA)-tagged CO was expressed by a phloem-specific SUCROSE-PROTON SYNPOTER2 (SUC2) promoter. Even though CO mRNA levels were similar in these lines (Fig. 1A , figs. S1 and S2), FT mRNA levels were reduced in the lines that had higher CDF1 expression (Fig. 1B and C and figs. S1 and S2). These plants showed later flowering phenotypes than the SUC2:CO-HA line (Fig. 1D) . These results indicate that CDF1 protein represses FT transcription independently of CO transcription.
We next examined whether CDF1 protein associates with the FT promoter. The amplicons of FT promoter regions 7, 8, 12 , and 13 were enriched in CDF1:HA-CDF1 samples (9) compared with wild-type samples harvested at Zeitgeber time (=hours after light onset within a day) 4 (ZT4) (Fig. 1E and F) , indicating that CDF1 binds to the FT promoter regions in the morning.
As both FKF1 and GIGANTEA (GI) proteins exist on the FT promoter (13) (Fig. 3G ), we speculated that FKF1 could remove CDF1 on the FT promoter in the afternoon. We reasoned that more CDF1 proteins might remain associated with the FT promoter in the afternoon if FKF1 is absent. Our chromatin immunoprecipitation (ChIP) assay revealed that HA-CDF1 associated near the FT transcription start site in the afternoon only in the fkf1 mutant background (Fig. 1G ).
As FKF1 regulates the stability of CDF1 homologs that have overlapping function with CDF1 (14), we tested whether other CDF proteins also repress FT transcription. Since CO mRNA levels in the cdf1 cdf2 cdf3 cdf5 quadruple mutant are higher than in wild-type plants (14) , we compared FT expression levels between the cdf quadruple mutant and the CO:HA-CO plant in which CO levels were elevated using the CO promoter. Even though CO mRNA levels in the quadruple mutant were lower than in the CO:HA-CO plant, FT mRNA levels in the mutant were higher than in the CO:HA-CO line ( fig. S3 ). As the FT mRNA levels in the cdf1 single mutant resemble those in wild-type plants (9), our results indicate that these CDF proteins may redundantly repress FT transcription. Thus, FKF1 degrades CDF1 and possibly other CDF proteins to regulate FT expression.
Next we examined whether there is an interaction between FKF1 and CO proteins. Using a Nicotiana benthamiana expression system (15), HA-FKF1 protein was coimmunoprecipitated with tandem affinity purification (TAP)-tagged CO (CO-TAP) ( Fig.  2A) . The FKF1-CO interaction was confirmed by reciprocal co-immunoprecipitation assays ( fig. S4 ). We then analyzed the interaction in transgenic Arabidopsis plants expressing functional 3xFLAG and 6xHis-tagged CO (CO-3F6H) and HA-FKF1 ( fig. S5 ). HA-FKF1 proteins were co-immunoprecipitated with CO-3F6H proteins (Fig. 2B) , indicating that FKF1 and CO proteins can interact in vivo.
To identify the interaction site of FKF1 with CO, HA-tagged FKF1 domains (LOV, LOV+F, F+Kelch, and Kelch) were co-expressed with CO-TAP in N. benthamiana. HA-LOV and HA-LOV+F peptides interacted with CO-TAP protein (Fig. 2C) . In addition, a small but reproducible amount of HA-F+Kelch peptide was co-immunoprecipitated with CO-TAP (Fig. 2C) . These results suggest that the LOV domain is sufficient for CO-binding but the Fbox region may also participate in this interaction.
As FKF1 and GI protein interaction occurs in a blue-light dependent manner (10), we investigated the blue-light dependency of the FKF1-CO protein interaction. More HA-FKF1 was co-immunoprecipitated with CO-3F6H under blue light than red light in vivo (Fig. 2D) .
However, this could be due to differences in CO protein levels under these conditions (Fig.  2D ). As CO and FKF1 protein levels were similar in these conditions in N. benthamiana, we assessed the potential light dependency of the interaction. The amount of the FKF1-CO interaction was significantly greater in blue light than red light (Fig. 2E) .
If the LOV domain is responsible for blue-light enhanced CO binding, we speculated that photochemically-blind LOV mutations (C91A, R92D, and Q163L) should alter the interaction (10) . These LOV mutations weakened the interaction under blue and white light (Fig. 2E ), indicating that blue light perceived by the LOV domain enhanced the interaction. As our results indicated the involvement of F-box with CO binding (Fig. 2C) , we analyzed whether a functional F-box is important for binding. Two mutations (L214A/I223A), which eliminate the ability of F-box to bind to Arabidopsis Skp1-like (ASK1) proteins (16), were introduced to the FKF1 F-box. The F-box mutations also attenuated blue-light effects on the interaction (Fig. 2F) , suggesting that the formation of the SCF FKF1 complex facilitates the FKF1-CO protein interaction.
To investigate the effect of the FKF1-CO interaction, we analyzed the effect of fkf1 mutation on CO activity. Since FKF1 affects CO transcription (8), we used lines in which CO mRNA is constitutively expressed (Fig. 3A and figs. S6A and S7). In the CO overexpressing lines, having the fkf1 mutation reduced FT mRNA levels ( Fig. 3B and figs. S6B and S7). CO overexpressors in the fkf1 mutant flowered later than 35S:3HA-CO plants in long days (Fig. 3C) . We observed a similar fkf1 effect on FT mRNA expression when CO mRNA levels were elevated in the tissues where CO is expressed ( fig. S8 ).
The timing of FKF1 protein expression under light coincides with CO protein stabilization (6, 8) . As the fkf1 mutation reduced CO activity (Fig. 3B) , we speculated that FKF1 may stabilize CO protein. We analyzed the diurnal CO protein profiles in fkf1. CO protein peaks at ZT0.5 and ZT12 in long days in 35S:CO plants (6). Our 35S:3HA-CO lines showed a similar daily CO protein pattern, although there were doublet bands corresponding to the 3HA-CO proteins (Fig. 3D and fig. S6C ) as also observed previously (17) . In fkf1, CO protein fell to low levels in the afternoon (ZT12-16), though the ZT0.5 CO peak was still present (Fig. 3D and fig. S6C ). We found FKF1 in both cytosolic and nuclear fractions ( fig.  S9 ). The profile of CO abundance in the nucleus was very similar to that in the whole protein extracts (Fig. 3D and fig. S6C ), demonstrating that FKF1 stabilizes CO protein in both cytoplasm and nucleus. In short days, CO levels were extremely low (6) (fig. S10A) , and there were no obvious difference in CO protein expression ( fig. S10B ) between wildtype and fkf1 backgrounds. These findings imply that rhythmic FKF1 expression may determine the timing of stabilizing CO in long days.
Blue light stabilizes CO protein in long days (6) , and our data suggest that blue light enhances the FKF1-CO interaction. We analyzed the daily CO protein profiles under blueand red-light conditions. CO protein was stable under blue light. The CO protein level was slightly but significantly lower in fkf1 background at ZT12 (Fig. 3E) , indicating that FKF1's contribution is restricted to the afternoon. The CO protein profiles in blue light resemble those in the white-light grown phyB mutant (6) , suggesting that without phyB-dependent destabilization of CO, blue light perceived by cryptochromes can stabilize CO protein throughout the day. In addition, the fkf1 mutation reduced FT mRNA levels without changing CO mRNA levels under blue light (Fig. 3F) . Under red light, CO protein was unstable in all CO overexpressors (Fig. 3E) . This is most likely due to the activation of phyB signaling, which degrades CO protein (6) . Together with the previous observation (6), these results suggest that the balance between blue and red light, which work antagonistically, determines CO protein levels.
As FKF1 stabilizes CO protein even in the nucleus (Fig. 3D) , we postulated that FKF1 and CO interactions might also occur on the FT promoter. We found that both FKF1 and CO proteins associated near the FT transcription start site (13) (Fig. 3G) , where CORE (COresponsive element) sequences exist (18) . These results indicate that FKF1 may interact with CO protein on the FT promoter.
Our results imply that FKF1 has at least three different roles in the regulation of FT expression ( fig. S11) . One, FKF1 regulates CO transcription by degrading CDF proteins (9, 10, 14) . Two, as CDF proteins are also FT repressors, the same FKF1-mediated degradation mechanism may also regulate FT transcription. Three, FKF1 is involved in the stabilization of CO protein in the long-day afternoon, increasing the expression of FT.
We refined our previous model (11) by including these biochemical functions of FKF1 (15) . The new mathematical model focuses on the regulation of CO and FT mRNA and CO protein (Fig. 4A ). FKF1 and GI modulate the CDF1 protein, which represses CO and FT (Fig. 4A ) and represents the functions of all CDF proteins in the model. Falling CDF1 protein levels relieve repression of CO at the end of long days in the simulated wild type, leading to the characteristic shoulder in the mRNA profile around ZT13 (Fig. 4B and fig.  S12 ). The simulated fkf1 mutant reduces CO transcript levels by 59% at ZT13 (Fig. 4B ). In the model, CO is stabilized by FKF1 in a light-dependent manner ( fig. S12 ). The simulated fkf1 mutant both fails to degrade CDF1 and fails to stabilize CO ( fig. S13 ), reducing the amount of FT over one cycle (FT AREA ) by ~78% of wild-type levels in long days (Fig. 4C) , similar to the FT levels in fkf1 (8) . In addition, the model recreated the altered FT profiles of CO overexpression lines shown in Fig.1 and 3 (figs. S14 and S15). These results indicate that the two FKF1-dependent mechanisms described are sufficient to explain the observed CO and FT mRNA profiles.
Using the model, we estimated the importance of each FKF1 function under long-day conditions, by simulating partial loss-of-function mutants that are not accessible genetically. If FKF1 could not degrade CDF1 protein but stabilized CO protein [mutant designated Δ(1)], the simulated decreased by ~22% from the wild-type levels (Fig. 4D) . If FKF1 degraded CDF1 but could not stabilize CO protein [mutant Δ(2)], the simulated FT AREA decreased by ~51% (Fig. 4D) . Although the exact balance varies among model versions ( fig.  S16 ), both mechanisms were required to explain the very low levels of FT observed in full fkf1 mutants ( fig. S13H ).
Our results suggest that FKF1 regulates FT expression through a multiple-feedforward motif (Fig. 4A ) that can enhance signal detection (19) . Photoperiod sensing depends upon correctly-timed operation of this motif. Our data indicate that the circadian clock conveys time information for stabilizing CO protein through the timing of FKF1 expression. We therefore investigated the impact of removing circadian control from these two components, via constitutive expression of CO and FKF1, while GI and CDF1 mRNA expression remained rhythmic. Our model predicted that this would stabilize CO protein ( fig. S17A ) and alter the FT mRNA profile, with a near-linear rise during the daytime, and also increase FT expression levels depending on FKF1 protein levels ( fig. S17B) . To verify our model predictions, we analyzed CO protein and FT mRNA expression in 35S:3HA-CO/35S:HA-FKF1 lines (fig. S18 ). Constitutive FKF1 protein expression stabilized CO protein even during the early part of the day (fig. S18 ). In addition, FT expression in these lines increased linearly throughout the day and FT levels were higher in the line with a higher FKF1 level (fig. S18) . These results validated our prediction and indicate the importance of circadian regulation of FKF1 expression for day-length-dependent CO protein stabilization.
The FKF1 photoperiod sensor uses multiple, partially redundant switches to allow strong activation in long days. As the sun rises higher in the sky each day when spring approaches, plants can sense the increased intensity in the blue-light range of the spectrum each afternoon through multiple photoreceptors, including FKF1. The complexity of this mechanism in even a temperate species like Arabidopsis suggests that it has the flexibility to regulate successful reproduction in a wide range of environments.
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